The explosive fate of massive stripped Wolf-Rayet (W-R) stars 1 is a key open question in stellar
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13 cm) that have not yet been swept up by the expanding SN ejecta will emit strong recombination lines in response to ionizing flux released by the explosion shock breakout from the stellar surface. We estimate a factor of order 10 2 -10 4 increase in ionizing luminosity, assuming an initial absolute magnitude range of −2.5 < M < −10 mag for the exploding W-R star 1 and a typical early-time luminosity of M = −12.5 mag for the resulting SN 3;5;8 . The effective temperature T eff will also change, being very high (> 10 5 K) shortly after explosion 9 and decreasing with time as the shocked SN ejecta cool. The radiation illuminating the surviving W-R wind will thus effectively scan through the range of temperatures in W-R star line-forming regions.
Since the wind parameters (composition, mass-loss rate, terminal velocity) do not change, the measured line spectrum observed shortly after explosion should be similar to that of a W-R star having the spectral class of the exploding progenitor (as the spectral classes reflect mainly the wind composition). The high wind densities around W-R stars (with electron densities n e = 10 11 -10 12 cm −3 ) imply short recombination times 10 , t rec ≈ 3.9 × 10 12 (n e /cm −3 ) −1 (T /10 4 K) 0.85 s, typically a few minutes for W-R densities and temperatures, so the emitted spectrum will promptly react to the rapidly evolving SN radiation field.
We obtained rapid spectroscopic observations of the recent Type IIb SN 2013cu (iPTF13ast) shortly after shock breakout (flash spectroscopy; see Methods). This event was first detected by the iPTF survey Our first spectrum of SN 2013cu reveals a continuum and emission lines that bear a striking resemblance to spectra of W-R stars (Fig. 1a) . According to accepted W-R terminology 1 the spectrum is classified as a WN6h (Fig. 1a, bottom) ; the relative strength of nitrogen to carbon lines precludes a WC classification, and the absence of any high-excitation oxygen lines is inconsistent with a WO star. The stronger lines (Hα, Hβ, N IV λ7115, and He II λ5411) exhibit a complex profile (Fig. 2) consisting of a relatively broad base (∼ 2500 km s −1 full width at zero intensity; FWZI) on which prominent narrow, unresolved lines (FWZI ≈ 3Å; velocity dispersion < 150 km s −1 ) are superimposed. This is consistent with predictions for W-R pre-SN wind velocities 15;16 , though we cannot exclude the possibility that at least some of the observed line broadening is produced by electron scattering rather than genuine velocity dispersion. To the best of our knowledge, no similar spectra of a stripped (H-poor) SN have been acquired previously. W-R-like spectroscopic features have been observed in spectra of some H-rich (nonstripped) SNe obtained at substantially later epochs, and their typically much broader lines were interpreted as emerging from interaction with circumstellar material (CSM) 17 . We further discuss these previous observations in Extended Data Figure 3 .
We analyze our very early spectrum using the PoWR grid of W-R spectral models 7 made available via a web interface at http://www.astro.physik.uni-potsdam.de/∼wrh/PoWR/powrgrid1.html. We find an excellent fit with WN(h) models calculated assuming an H fraction of 20% (by mass) and temperature around 50, 000 K. This temperature is consistent with the lower limit obtained from early Swift UV photometry (Extended Data Fig. 1 ). The essentially perfect match of the observed and modeled continuum shapes indicates that dust reddening must be negligible; any pre-existing dust must have been destroyed by the SN explosion flash (see Methods). We note that among the large catalog of Galactic WN stars specifically modeled in this manner 7 , no stars drive winds which require more than 56% H by mass. Presumably, custom spectral fits 7 could be calculated and used to more accurately determine the physical parameters of the detected W-R wind. Assuming the spectrum was obtained 15.5 hr after explosion and a standard ejecta velocity of 10 4 km s −1 , the narrow-line-emitting material must be located at radii above ∼ 5 × 10 13 cm in order not to have been swept up and accelerated by the expanding ejecta. This lower limit is consistent with the extent of some W-R winds, where the line-formation region extends out to several (5-10) timeshydrostatic radius. Recent pre-SN W-R models 15 suggest hydrostatic radii of 10-20 solar radii for WN SN progenitors, consistent with line-formation regions extending to several hundred solar radii 1 or > 10 13 cm.
We further constrain the physical location of the wind using the following calculation. We measure the Hα line flux from our spectrum (calibrated to our host-subtracted photometry) and find F Hα = 3. at a radius r via recombination, an emitting shell whose width is similar to its radius, spherical symmetry, and a wind profile with density falling as r −2 . We assume a wind velocity v w = 2500 km s −1 , consistent with our spectra and as expected for W-R stars, but our results are not sensitive to this value and remain essentially unchanged for 100 < v w < 2500 km s −1 .
We check for self consistency by calculating the implied electron density, and hence the Thomson optical depth τ = 0.3 (Ṁ /0.01 M ⊙ yr −1 ) (v w /500 km s −1 ) −1 (r/10 15 cm) −1 at this same radius, and require it to be lower than τ = 1 for the lines to escape. We find that this self-consistency requirement places a lower limit on the line-formation region r > 2 × 10 14 cm, with substantial mass-loss ratesṀ > 0.03 M ⊙ yr −1 .
Interpreting the disappearance of essentially all emission lines from our day 6 spectrum (Fig. 1b) show that as little as 0.1 M ⊙ of He-dominated CSM would result in strong spectroscopic interaction signatures (that we do not observe), consistent with our derived total masses.
We conclude that we have directly detected a W-R-like wind from the SN progenitor with a WN(h) spectral class, indicating a low H mass fraction. Assuming the wind composition we measure represents the surface composition of the progenitor star, our observations indicate that some members of the spectroscopic WNh W-R class explode after having lost most of the hydrogen envelope, exposing the CNO-processed, N-rich He layer below. Analysis of photometric and spectroscopic follow-up observations 13 confirms that the explosion was indeed a SN of Type IIb (Fig. 1c) , as expected if the progenitor was a massive star that lost
Our observations have interesting implications. First, we note that the derived value of the mass-loss rate and emission-line-region size are quite extreme compared with known W-R observations and radiatively driven models 22 , including models with clumpy, inflated atmospheres 23 , suggesting that the mass-loss rate from the progenitor star may have increased shortly (of order one year for the assumed velocities) prior to its explosion. Interestingly, such pre-SN activity may be explained by recent wave-driven models 6 , or perhaps more extreme envelope inflation 23 is indicated. These data can thus provide a key diagnostic of the final stages of nuclear core burning in massive stars, currently poorly understood, with potential deep implications into the explosion mechanism itself. In any case, the star probably exploded inside a thick wind, and the explosion shock may have broken out from the opaque inner wind rather than from the hydrostatic surface of the star 9 .
Our finding is in general accord with some previous work on SN IIb progenitors. Future studies of numerous additional supernova progenitors via their spectroscopic wind signatures (see Methods) would provide powerful constraints on the final stages of massive-star evolution.
Methods Summary Photometry: r-band observations were obtained by the iPTF survey telescope. Photometry is measured using our custom pipeline performing point-spread-function (PSF) photometry on iPTF images after removing a reference image constructed from pre-explosion data using image subtraction. Swift UV absolute AB magnitudes (Extended Data Fig. 1 ) are measured using standard pipeline reduction and are corrected for host-galaxy contamination using late-time Swift images. Spectroscopy: our earliest (15.5 hr) and latest (69 days) spectra were obtained using the DEIMOS spectrograph mounted on the Keck-II 10 m telescope using the 600 line mm −1 grating and an exposure time of 600 s. Additional spectra were obtained using ALFOSC mounted on the 2.56 m NOT telescope, LRS mounted on the 10.4 m HET telescope (day 3), and LRIS mounted on the Keck-I 10 m telescope (day 6). All spectra were reduced using standard pipelines and are digitally available on WISeREP. The method of flash spectroscopy is described in detail in the extended methods section.
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Methods
Photometry: r-band images were obtained by the iPTF survey camera mounted on the Palomar 48-inch Schmidt telescope 11,31 . Photometry is measured using our custom pipeline performing PSF photometry on iPTF images after removing a reference image constructed from pre-explosion data using image subtraction. Swift UV absolute AB magnitudes (Extended Data Fig. 1 ) are measured using standard pipeline reduction 32 and are corrected for host-galaxy contamination using late-time Swift images.
Spectroscopy: our earliest (15.5 hr) and latest (69 days) spectra were obtained using the DEep Imaging week. We replot the first spectrum (red), compared with spectra obtained ∼ 3 days after explosion (using ALFOSC, blue; and LRS, cyan) and ∼ 6 days after explosion (magenta; see Ref. 13 for additional details).
Spectra were scaled and offset for clarity with respect to the high-quality Keck/LRIS spectrum. Flash spectroscopy: we define as "flash spectroscopy" a set of spectroscopic data obtained shortly enough after a supernova explosion so that the observed spectrum is dominated by features related directly to the effects of the shock-breakout flash. In particular, flash-ionized CSM recombines and forms strong emission lines, revealing, for example, the elemental abundance and thus the W-R class of a SN progenitor.
In addition, emission-line spectra provide a handle on the early temperature evolution, which is difficult to measure even using Swift UV photometry because the blackbody peak is initially too far into the UV. This study provides strong motivation for future investigations using dedicated rapid-response spectrographs such as FLOYDS 3,36 and SEDM 37 responding to real-time triggers from high-cadence wide-field surveys 12 .
While W-R SN progenitor stars are difficult to study using pre-explosion imaging (owing to both intrinsic low luminosity in the optical/infrared bands 15;30 and the possible confusing effect of a bright O/B companion 3 ), we demonstrate that they are amenable to study using the flash spectroscopy method. W-R stars belonging to the WNh class may have the most extensive winds 1;15 . Application of this method to WC/WO stars may require flash spectroscopy at even earlier epochs (∼ 1 hr after explosion), before the SN ejecta sweep up the high-density wind. Reducing the latency between SN explosion and spectroscopy by an order of magnitude compared to our observations of SN 2013cu is possible using recently commissioned instrumentation (Extended Data Fig. 2 ).
Unlike studies of SN progenitors through pre-explosion imaging, the flash spectroscopy method can be applied to relatively distant objects (SN 2013cu is located 108 Mpc away, well beyond the 20 Mpc distance typical for pre-explosion studies), and to events in galaxies having no pre-explosion high-quality imaging, such as a large population of little-studied dwarf galaxies. Based on local SN rate measurements 38 , ∼ 300 events explode within 100 Mpc every year and can be potentially studied in this manner. The method thus allows routine spectroscopic studies of SN progenitors, previously only possible by extreme serendipity (e.g., for the progenitor of SN 1987A 39 ). Within a few years, the flash spectroscopy method can be used to chart wind signatures from numerous SN progenitors, and in particular, the W-R progenitor population of stripped SNe may be studied systematically. We thus expect that this method will be broadly applied in the coming years.
[31] Rau, A., Kulkarni, S. R. real-time triggers from the iPTF survey operating on the same mountain, this instrument should be able to obtain low-resolution spectra within ∼ 1 hr of object detection. Operating on a smaller telescope than Keck, SEDM data of similar quality to the simulated spectrum will require a relatively long integration.
However, SEDM will be able to observe objects with much reduced latency, benefiting from stronger line intensities expected owing to stronger shock-breakout flash luminosity processed by a denser wind close to the progenitor star, potentially compensating for its reduced absolute sensitivity.
